Movements of specific ions in excitable tissues have been emphasized by a number of recent experiments. In particular, there have been many quantitative experiments which show that the rising phase of the nerve impulse in invertebrate giant axons is associated with an inflow of sodium and the falling phase with an outflow of potassium (Hodgkin, Huxley & Katz, 1952; and similar selective permeability changes have been observed accompanying the propagated action potential in muscle fibres and in myelinated nerve fibres (Dodge & Frankenhaeuser, 1959; Hodgkin & Horowicz, 1959a) .
In addition, the inhibitory potentials observed in some nerve cells (Coombs, Eccles & Fatt, 1955; Edwards & Hagiwara, 1959) , heart muscle fibres (Burgen & Terroux, 1953; Hutter & Trautwein, 1956; Trautwein & Dudel, 1958) , and crustacean muscle (Fatt & Katz, 1953; Boistel & Fatt, 1958) have been shown to be produced by changes in permeability of the post-synaptic membrane to potassium and/or chloride ions.
On the other hand, it has been considered that at the end-plate the transmitter produces a rapid simultaneous transfer of sodium and potassium, and possibly also of all other free ions on either side of the membrane (Fatt & Katz, 1951; del Castillo & Katz, 1954 , 1956 ). An approximately linear relationship has been observed between the amplitude of the end-plate potential (e.p.p.) and the membrane potential, the equilibrium potential being about -15 mV (Fatt & Katz, 1951) . A similar relationship has also been observed in the amplitude of end-plate current (e.p.c.) obtained when the membrane was clamped at a constant potential during neuromuscular transmission (Takeuchi & Takeuchi, 1959) . The membrane potential at which e.p.c. becomes zero may be called provisionally 'e.p.c. equilibrium potential'. In the present experiment, the e.p.c. equilibrium potential was measured in solutions of various ionic composition and the ions which contributed to the e.p.c. were determined. It will be shown * Fellow of Rockefeller Foundation.
PERMEABILITY OF that during the action of transmitter the end-plate becomes permeable mainly to sodium and potassium ions, but probably not to chloride ions.
METHODS
The sartorius muscle was dissected with the sciatic nerve from winter frogs (Rana pipiens) and mounted in a chamber made of methacrylate resin (lucite). The nerve was introduced into a wet chamber and stimuli were applied by a pair of silver electrodes. The capacity of the muscle chamber was about 4 ml.When the ionic composition was changed, at least 20 ml. of solution was exchanged by a different solution and the preparation was usually left for 10 min in each solution before measurements were made, except in chloride-deficient solution. When potassium-deficient solution was used, the fluid was kept flowing during the experiment.
The voltage clamp technique was similar to that previously reported (Takeuchi & Takeuchi, 1959) , although a slightly modified amplifier for current recording was used. In order to change the clamped membrane potential, a square voltage pulse of about 15 msec duration was applied to the middle stage of the negative feed-back amplifier. A relatively short pulse for changing membrane potential has the advantage of avoiding a possible change in potassium concentration in nearby muscle fibres, which would occur if long pulses or d.c. had been used (Takeuchi & Takeuchi, unpublished) . However, the short pulse has the disadvantage that when electrodes were inserted somewhat away from the end-plate, the measured e.p.c. equilibrium potential would tend to assume a lower value than that obtained with longer pulses.
Intracellular electrodes filled with 3M-KCI were used for recording potential changes and, in most cases, for passing current. In some cases, especially when chloride concentration was changed, 0-6M potassium-sulphate-or 1-5M sodium-citrate-filled electrodes were used for current electrodes. In experiments employing electrophoretic injection of sodium ions into muscle fibres, electrodes filled with 3M-NaCl or 1'5M sodium citrate were used for passing current.
Electrodes were inserted under microscopic control and the end-plate was located exactly by inserting the electrode at several points along the length of muscle fibre. In order to ensure accurate localization of the electrodes at the end-plate, two criteria were used: (1) the e.p.p. had to show maximal amplitude and shortest rise time at the site of electrode impalement, and (2) the e.p.c.-membrane-potential relationship had to intercept the voltage axis at -10 to -20 mV. If the electrodes were slightly away from an end-plate focus, the measured e.p.c. equilibrium potential tended to approach zero. Generally the current-passing electrode was left in the fibre during the entire experimental series in order to maintain this localization. The recording electrode could then be withdrawn during changing of solutions.
The membrane potential of muscle may be defined as the difference between potentials recorded at points just outside the muscle membrane and inside the membrane. The tip potential may change in different ionic composition, and this might influence the value of the resting potentials measured in various solutions. Relatively low-resistance KCI-filled electrodes were used for potential recording and this served to minimize the change in tip potential in different media (Adrian, 1956 ). Before and after each series of experiments the recording electrode was withdrawn and the resting potential and the drift of recording system checked. The resting potential tended usually to decrease with time, but during the experiment the membrane potential was clamped within + 1 mV of the previously determined value.
The normal Ringer's solution used had the following ionic composition (mm): Na) 11336; Ca'+ 220; ;HPO2-1-1; H2P04-0-4. In addition, tubocurarine chloride (3 x 10-6 g/ml.) was added to block neuromuscular transmission. Sodium-deficient solutions were obtained by mixing normal Ringer's solution and isotonic sucrose or dextrose solution 54 A. TAKEUCHI AND N. TAKEUCHI containing the same concentrations of K+, CaO+ and phosphate buffer as normal solution. Sodium-rich solutions were made by adding crystalline NaCl. In lower concentrations of sodium (lessthan about 35mm) neuromuscular transmission was blocked, so that tubocurarine was omitted. Solutions with sodium concentration less than 20 mm were not used, because at room temperature conduction block of the nerve frequently occurred in these solutions.
The concentration of potassium ions was altered by replacing sodium chloride by potassium sulphate, concentrations of other ions being kept constant. When the concentration of potassium ion in Ringer's solution was increased more than about 8 mm, neuromuscular transmission was frequently blocked, probably owing to conduction block at nerve branches. In lower concentrations an increase in concentration of potassium ions caused an increase in quantum content (Takeuchi & Takeuchi, unpublished) and the concentration of tubocurarine was increased to block the neuromuscular transmission.
In order to reduce the concentration of chloride, sodium chloride in Ringer's solution was substituted by sodium glutamate. In glutamate Ringer's solution containing 2 mm calcium chloride the muscle fibre had a tendency to contract spontaneously and the amplitude of the e.p.c. showed a large variation. At the time the solution was changed from normal Ringer's solution to glutamate solution contraction occurred frequently, damaging the muscle fibre impaled by the current electrode. This contraction may be due in part to the decrease in resting potential caused by the sudden decrease in chloride ions in outside solution (Hodgkin & Horowicz, 1959b) , and partly may be due to the decrease in concentration of calcium ion (Fatt & Ginsborg, unpublished observation cited in Boistel & Fatt, 1958) . In the present experiments with glutamate Ringer's solution calcium chloride was increased to 5 mM to avoid these disadvantages. Thus glutamate solution contained 10 mM-Cl1.
Experiments were done at room temperature (18-23°C).
RESULTS

Curarization
When the muscle end-plate membrane, soaked in normal Ringer's solution containing about 3 x 106 g/ml. tubocurarine, was clamped at the resting potential by a negative feed-back system, a stimulus applied to the nerve produced an inward current. When a square voltage was applied to the feed-back amplifier, the membrane potential at the point where the electrodes were inserted was suddenly changed to a new level. After a rapid transient current due to charging of the capacitive component of nearby muscle membrane, a residual current flowed through the current electrode, charging the membrane somewhat more remote from the electrode. By changing the amplitude of the applied voltage pulse the membrane potential at the end-plate could be clamped at various potential levels. A stimulus applied to the nerve produced an e.p.c. superimposed on the residual current. Figure 1 shows these currents obtained from a curarized end-plate in normal Ringer's solution. The amplitude of the e.p.c. varied with the value of the clamped membrane potential, the e.p.c.-membrane-potential line crossing the abscissa at about 10-20 mV (inside negative). When the movement artifact was reduced by decreasing the concentration of sodium in the Ringer's solution, the linearity held until after the sign of the e.p.c. was reversed by depolarizing the membrane. It is known that curarine changes the sensitivity of the end-plate to transmitter. The relation between e.p.c. height and membrane potential obtained from the same end-plate in two different concentrations of tubocurarine is shown in Fig. 2 . The slopes of the two lines were different, but the points at which the lines cross the abscissa were almost the same. Since the slope of the line represents the conductance change at the peak of e.p.c., this result shows that tubocurarine decreased the magnitude of the conductance change produced by transmitter, but had little or no influence on other factors which determine the e.p.c. equilibrium potential. From this A. TAKEUCHI AND N. TAKEUCHI result it may be said that when the ionic composition of Ringer's solution was changed, adequate concentration of tubocurarine to block the neuromuscular transmission could be used without influence on the e.p.c. equilibrium potential.
Sodium ions It has been shown that when sodium concentration in Ringer's solution was decreased, the amplitude of e.p.p. was reduced (Fatt & Katz, 1952) , and when the NaCl in Ringer's solution was totally replaced by sucrose, the potential change produced by electrophoretic application of ACh at the end-plate reversed its sign at about -60 mV (del Castillo & Katz, 1955) . These findings suggest that sodium ions play an important role in the conductance change produced at the end-plate by the transmitter. In the present experiments the relationship between amplitude of e.p.c. and membrane potential was investigated with various concentrations of sodium ions in Ringer's solution, and differences in the e.p.c. equilibrium potential were estimated by extrapolation. After measurements were done with the end-plate in normal bathing fluid, the potential recording electrode was withdrawn from the muscle fibre to check the resting potential. The current electrode was kept in the muscle fibre to identify the end-plate. Then the solution was changed, and the recording electrode was inserted again at the same end-plate and another set of measurements made. When the recording electrode was inserted immediately after changing to a sodium-deficient sucrose solution, the resting potential was 10-20 mV lower than that in normal Ringer's solution (Giebisch, Kraupp, Pillat & Stormann, 1957) . This may be due to the decrease in concentration of external chloride (Hodgkin & Horowicz, 1959 b) . When the preparation was soaked more than 10 min the resting potential returned to the original value, although in some cases the recovery was not complete. Figure 3 presents an example in which the open circles were obtained from curarized end-plate in normal Ringer's solution (Na+ 113-6 mM), and filled circles were from low-NaCl Ringer's solution (Na+ 33 6 mM). The e.p.c. equilibrium potentials obtained on extrapolation are separated by about 17 mV. It will be shown that chloride ions had little or no effect on the e.p.c. equilibrium potential. Therefore, since potassium and calcium concentrations in the bathing solution were kept constant, the shift of e.p.c. equilibrium potential should be attributed to the change in concentration of sodium ions. The e.p.c. equilibrium potentials obtained in various sodium concentrations are presented in Fig. 4 . Although variations of the e.p.c. equilibrium potential are rather great, there is a definite tendency for the e.p.c. equilibrium potential to increase in sodium-deficient solutions.
When an outward current flows from a NaCl-filled electrode, outflow of Na+ from the electrode will increase whereas that of Cl-will decrease The line is drawn according to (1/2.29) {99+ 1-29 x 581og1o (15.5/Nao)} mV.
A. TAKEUCHI AND N. TAKEUCHI relative to the diffusion of these ions from the electrode in the absence of current. The transfer number of Na+ through the electrode is not clear, but ifit is taken as nearly unity, as suggested by Coombs et al. (1955) , 1 x 10-8 A of outward current corresponds to 0 1 pequiv/sec of sodium ions. The resting muscle membrane has a relatively low permeability to sodium ions and outward current through the muscle membrane is probably mostly carried by inward-moving chloride ions and outward-moving potassium ions. Thus, sodium ions accumulate within the muscle fibre after a period of outward current passage. The amount of sodium ions accumulating at a point along the muscle fibre should be a function of the total charge.
The change in sodium concentration near the current electrode tip can be calculated as follows. The spreading of sodium ion away from the point where it is injected would be mainly due to diffusion, and the contribution of electrophoretic spread may be neglected. Then the rise in Na concentration after the cessation of the injection at the point where it is injected can be obtained from diffusion equation and by superposition theorem. When 5 x l0-8 A is passed outward through the muscle membrane for 7 min, 210 pequiv of Na ions may be injected. The rise in Na concentration, 100 sec after the cessation of the current, would be 14-5 mm, assuming a fibre diameter of lOOup and a diffusion constant of 10-5 cm2/sec. This change in internal concentration ofNa ions might shift the e.p.c. equilibrium potential by 9.4 mV (see Discussion). At the same time the inside concentration of potassium ions may be decreased and that of chloride ions increased to maintain electrical neutrality.
The effect of the electrophoretic injection of sodium ions into the muscle fibre on the relationship between e.p.c. and membrane potential was investigated with preparations soaked in low-sodium solution. While the outward current from the NaCl electrode was passed into the muscle fibre, the membrane around the electrode was depolarized and the depolarization tended to increase with time. Immediately after the cessation of the current that part of the depolarization associated with the potential drop across the membrane resistance decreased rapidly, and this was followed by slow progressive recovery of the resting potential. The decrease in resting potential after the cessation of outward current may be mostly due to the increase in the inside concentration of chloride ion and partly due to the decrease in potassium ion concentration. The recovery of the resting potential was incomplete within 5 min after termination of the current. The measurements of e.p.c. equilibrium potential were done usually 1-2 min after the cessation of the current. Examples from two different end-plates are presented in Membrane potential (mV) Fig. 7 .
PERMEABILITY OF END-PLATE MEMBRANE Chloride ions
In order to investigate whether chloride plays some role in the production of e.p.c., chloride was replaced by glutamate, which is probably too large to pass through the membrane, and the e.p.c. equilibrium potential was measured. The resting potential was initially reduced, but recovered gradually to the original value. This decrease in resting potential in lowchloride solutions may be due to the decrease in chloride equilibrium potential and the recovery of the resting potential may be due to restoration of the chloride equilibrium potential as the chloride concentration in the muscle fibre decreases. After the muscle is equilibrated with lowchloride solution, and then returned to normal solution, the chloride potential suddenly increases and the resting potential is intermediate between the chloride and potassium potentials. The resting potential then returns to its normal value, as the chloride concentration in the muscle fibre increases (Hodgkin & Horowicz, 1959b ). In Fig. 8 A filled circles represent the relationship in normal solution, while open circles and crosses represent points obtained from the same end-plate 2-3 min and 15 min, respectively, after soaking in glutamate solution. When the outside solution was replaced by glutamate solution the resting potential decreased from 90 to 77 mV, followed by recovery to the original value (86 mV) in about 10 min, indicating a change in the chloride potential; however all lines of the e.p.c.-membrane-potential relation cross the abscissa at about the same point. Similar results were obtained in the muscle equilibrated with low-chloride solution. Open circles in Fig. 8B much less to the production of the e.p.c. than do sodium and potassium ions. When chloride ion was replaced by nitrate or sulphate ion, similar results were obtained, i.e. varying the concentrations of these anions had no effect on the e.p.c. equilibrium potential.
DISCUSSION
The potential at which the e.p.c.-membrane-potential line crosses the membrane potential axis is the potential at which the ionic fluxes caused by the transmitter convey no net charge across the membrane. In normal (del Castillo & Katz, 1956; Katz, 1958) : (a) the transmitter causes the end-plate membrane to develop a non-selective permeability to free ions on both sides of membrane and there remains the junctional potential between physiological solution and myoplasm (Fatt & Katz, 1951; del Castillo & Katz, 1954) , (b) the membrane becomes permeable to more than one ion species, e.g. sodium and potassium or sodium and chloride (del Castillo & Katz, 1954) or sodium, potassium, chloride and probably calcium (Nastuk, 1959) and the sum of the ionic fluxes across the membrane becomes zero at -15 mV. In the present experiments the contribution of sodium, potassium and chloride ions to the e.p.c. was tested. The method adopted was to estimate the e.p.c. equilibrium potential by extrapolating the linear relation between e.p.c. amplitude and membrane potential in various solutions. Although this method may have rather large errors because of the extrapolation, a shift of the e.p.c. equilibrium potential could be obtained when the outside concentration of sodium or of potassium was changed. In contrast, no appreciable change could be detected when chloride was replaced by glutamate. When the muscle was soaked in glutamate solution for a long period, the resting potential tended to increase. Although this may suggest that glutamate has some influence on the membrane, e.g. the accumulation of potassium in the cell (Krebs & Eggleston, 1949; Davies & Krebs, 1952) , immediately after soaking the preparation in glutamate solution the resting potential decreased, followed by gradual recovery. Thus, immediately after its application, glutamate may be considered as an inert substitute for chloride. In crustacean muscle it is known that glutamate elicits muscle contraction (van Harreveld, 1959) and has a specific action on the muscle membrane at the neuromuscular junction, causing at first depolarization and then desensitization of the membrane to transmitter (van Harreveld & Mendelson, 1959) . In frog muscle, however, glutamate had no excitatory action in concentrations as low as that used in crustacean muscle, and the contraction which did occur when most of chloride was substituted by glutamate may be explained by a decrease in chloride equilibrium potential and in calcium concentration. If glutamate neither changes the permeability of the end-plate membrane to other ions nor passes through the end-plate membrane during the action of the transmitter (as is postulated in inhibitory synapses, cf. Shanes (1958) ), the present results indicate that as a first approximation the transmitter increases the permeability of the end-plate membrane to sodium and potassium ions but not to chloride ion. There may be other ions to which the end-plate becomes permeable during the action of transmitter, e.g. there is some evidence that, at least in special conditions, permeability of end-plate A. TAKEUCHI AND N. TAKEUCHI membrane to calcium may be increased by action of ACh (Takeuchi & Takeuchi, unpublished) . However, in physiological conditions the e.p.c. may be composed of sodium and potassium fluxes and other ions may play only a small role in producing the e.p.c.
The electrical behaviour of the end-plate membrane may be represented approximately by the network shown in Fig. 9 . Current can be carried through the membrane by movement of ions through the resistances in the end-plate. The ionic current is divided into components carried by sodium and potassium ions. In a previous report (Takeuchi & Takeuchi, 1959 ) the electrical behaviour of the end-plate membrane was represented by a series 1 /gN. resistance R(t) and an e.m.f. E where R(t) is a function of time and E is a constant voltage independent of time. Comparing this scheme with that presented in the present report, from the condition that E is independent of time it can be derived that the time course of the changes of resistance in the sodium and potassium channels is the same as that of R(t), i.e. although the resistances in the sodium and potassium channels varied, the ratio of the resistances remains constant.
The results in the present experiments were obtained in the condition that d V/dt = 0 during the action of transmitter, where V is membrane potential. Thus the change in the characteristics of the membrane away from the end-plate and the contribution of the membrane capacity may be neglected, since only the change in the end-plate membrane contributes to the change in current. The current carried by potassium and sodium may be simply represented by a conductance and a driving force in each channel. Boyle & Conway (1941) ), AgNa//9gK is 129.
If eqn. 2 represents the characteristics of the end-plate response to the transmitter, the equation should predict the changes in e.p.c. equilibrium potential in various ionic conditions. In Figs. 4 and 7 lines are drawn according to the eqn. 2, assuming the ratio A\Na/Ag\ and the internal concentrations of potassium and sodium are unchanged by altering the external concentrations. Although the experimental data have rather large variations, the observed values agree roughly with the predicted lines. Possible changes in inside concentrations of ions were minimized by soaking the preparation in test solutions for rather short periods (usually 10-20 min). Although the inside concentrations of sodium and potassium were taken from the data of Boyle & Conway (1941) and it is uncertain whether the values are applicable to the present conditions, the coincidence of the values obtained experimentally with those obtained from eqn. 2 support the above assumption. The assumption indicates that at the membrane potential where V = VK, e.p.c. may be composed of inward sodium current, at a membrane potential VNa > V > VK e.p.c. may be made of inward sodium and outward potassium fluxes, and at the e.p.c. equilibrium potential the sodium and potassium currents are equal and opposite in direction.
If the transmitter opens new channels to sodium and potassium which are closed in the absence of the transmitter, the e.p.c. equilibrium potential A. TAKEUGHI AND N. TAKEUCHI is the potential at which net current through the end-plate is zero. The equation of Goldman (1943) , which has been successfully applied to the resting potential (Hodgkin, 1951; Jenerick, 1953 ) might be applied to the calculation of the e.p.c. equilibrium potential. But this equation could not describe the shift of e.p.c. equilibrium potential in various ionic conditions, if PNa/PK was taken as constant. This may suggest that e.p.c. equilibrium potential does not satisfy the conditions for which the equation was derived.
In conclusion it may be said from the present results that the characteristics of the conductance change produced by transmitter at the endplate membrane are (1) the sodium and potassium conductances increase, with the ratio A9Na/1A9K constant, (2) the amount of the conductance change is independent of the membrane potential, and (3) curarine changes the conductance (Ag9N + AgK), keeping the ratio AglNa/Ag constant.
